Heart valves reside in a dynamic mechanical environment experiencing a multitude of forces. These forces have been shown to play a key role in valvular pathophysiology. However, knowledge of proteins involved in valvular mechanobiology is limited to only a few proteins of interest, namely, a-smooth muscle actin, transforming growth factor b, etc. Valvular endothelium mediates valvular homeostasis and controls valvular interstitial cell phenotype transformation. But, how endothelium mediates valvular response to dynamic forces is also unknown. In this study, proteomic analysis of mitral valve anterior leaflets under 10% cyclic radial strain was performed. Endothelium from these samples was removed to test how endothelium mediates mitral valve response to stretch. Results show that stretch downregulated cytoskeletal proteins and proteins involved in energy metabolism such as glycolysis and oxireductase activity. Endothelium removal resulted in downregulation of extracellular matrix and cell-matrix adhesion proteins. Removal of endothelium also resulted in upregulation of translation-related and chaperone proteins. Overall, this high throughput study provides insights into new protein groups that may be involved in mitral valve response to mechanical stretch and loss of endothelium.
Introduction
Heart valves consist of leaflets, which are made of two types of cells: valvular endothelial cell (VEC) and valvular interstitial cell (VIC). Both cell types play active roles in maintaining valvular homeostasis. 1, 2 VICs reside within the 3D leaflet matrix. During valvulogenesis, VICs maintain an activated or myofibroblastic phenotype while proliferating and secreting extracellular matrix (ECM) to form the leaflets. 3 In adult valves, VICs maintain a quiescent or fibroblastic phenotype, neither proliferating nor synthesizing ECM. 3 However, with the onset of injury or abnormal mechanical forces, these quiescent phenotypes can become activated myofibroblasts and take part in valve repair and remodeling. 1, 4 Activated VICs are contractile and proliferative, and synthesize and remodel the ECM. 1, 5 VICs remaining in activated state culminate in degenerative disorders such as myxomatous degeneration and calcification. 1, 3 Another VIC phenotype, named osteoblastic VIC, shows osteoblastic properties and take part in dystrophic and osteogenic valve calcification. 4, 6 The osteoblastic phenotype has been shown to arise from quiescent VICs in osteogenic medium in vitro. 1 Heart valves reside in a dynamic hemodynamic environment experiencing different types of forces. Mechanical forces have been shown to be a major cause of degenerative diseases of the valves. [7] [8] [9] [10] In physiological conditions, porcine mitral valve anterior leaflets experience peak tensile strains of 2.5-3.3% in the circumferential direction and 16-22% in the radial direction. 11, 12 During pathological conditions such as hypertension or ventricular remodeling, mitral valves experience up to 50% increase in peak strains. 9, 13 VICs have been extensively studied under
Impact statement
This work is important to the field of heart valve pathophysiology as it provides new insights into molecular markers of mechanically induced valvular degeneration as well as the protective role of the valvular endothelium. These discoveries reported here advance our current knowledge of the valvular endothelium and how its removal essentially takes valve leaflets into an environmental shock. In addition, it shows that static conditions represent a mild pathological state for valve leaflets, while 10% cyclic stretch provides valvular cell quiescence. These findings impact the field by informing disease stages and by providing potential new drug targets to reverse or slow down valvular change before it affects cardiac function.
mechanical stretch in vitro. [14] [15] [16] [17] [18] [19] [20] Aortic 10,21-23 and mitral [7] [8] [9] 24 valve leaflets have also been mechanically stretched in vitro. Mitral valve tissue stretch in vitro resulted in elevated expression of activated phenotype markers a-smooth muscle actin, matrix catabolic enzymes, ECM components, neurotransmitter serotonin, and vasoconstrictors. [7] [8] [9] 24 The valvular endothelium plays a key role in valvular pathophysiology. The endothelium maintains valvular homeostasis via cellular transformation, 25 mechanotransduction, 2 and VEC-VIC interaction. [26] [27] [28] [29] VECs line the outer surface of valve leaflets and experience shear, tensile, and compressive forces. 2, 30 VEC-VIC interaction plays a protective role in valvular pathophysiology. VECs suppress VIC transformation to activated [26] [27] [28] and osteoblastic 29 phenotypes via paracrine signaling. VEC-derived nitric oxide is involved in paracrine signaling possibly working via cyclic guanosine 3 0 ,5 0 -monophosphate pathway. 26, 29 VECs, in osteogenic media in vitro, have been shown to transform into osteoblastic VICs via endothelial to mesenchymal transition. 31 VIC-VEC interaction also suppresses osteoblastic transition of VECs. 31 Endothelial dysfunction, due to abnormal mechanical forces, denudation and inflammatory responses, also results in valvular pathogenesis. 2, 32 Studies of valvular mechanical stretch and the protective endothelial role during stretch are limited to a few proteins of interest. [14] [15] [16] [17] [26] [27] [28] [29] A thorough study of valvular protein expression changes due to mechanical stretch with or without endothelium could open the door to new findings and insights into new valvular pathological pathways. To test how mechanical stretch and VEC-VIC interactions affect protein expression in mitral valves, anterior leaflet sections underwent 10% radial cyclic strain for 48 h with or without endothelium. Label-free nanoflow liquid chromatography tandem-mass spectrometry (LC-MS/MS) was used to analyze protein expression. Significantly differentially expressed proteins were clustered into three groups:
1. Stretch effect. This group of proteins is affected by cyclic stretch and is potential key members and regulators of mitral valve response to stretch. 2. Endothelium removal (ER) effect. This group of proteins is affected by the removal of endothelium from mitral valve tissue. These proteins may be linked to VIC-VEC interactions, endothelium maintenance and endothelium mediated valvular homeostasis. 3. Interaction effect. This is the effect of interaction between stretch and ER. This group represents proteins that are affected by stretch, only when the endothelium is not present. They represent proteins involved in mitral valve response to stretch without endothelium protection.
Proteomic analyses showed that stretch downregulated cytoskeletal proteins and proteins involved in energy metabolism such as glycolysis and oxireductase activity. Stretch also upregulated calcification proteins. Endothelium removal resulted in downregulation of extracellular matrix and cell-matrix adhesion proteins.
Removal of endothelium also resulted in upregulation of translation and chaperone proteins.
Methods

Tissue preparation
Porcine hearts were collected aseptically within 4 h of death. Mitral valve anterior leaflets were excised and washed in sterile phosphate buffer saline (137 mM sodium chloride, 2.7 mM potassium chloride, 4.3 mM sodium phosphate dibasic and 1.46 mM potassium phosphate monobasic, all Fisher Scientific, Waltham, MA); 5 mm-wide radial strips from the central region of the anterior leaflets were excised (Figure 1 ). In case of ER samples, strips were incubated in 600 U/mL collagenase (SigmaAldrich, St. Louis, MO) in cell culture medium for 10 min at 37 C. Dulbecco's modified Eagle medium (Mediatech, Corning, Manassas, VA) was supplemented with 10% fetal calf serum (Sigma-Aldrich) and 1% antibiotics/antimycotics (10,000 U/mL penicillin G, 10 mg/mL streptomycin sulfate and 25 lg/mL amphotericin B (Quality Biologicals, Gaithersburg, MD)). After incubation with collagenase, the strips were briefly vortexed. Endothelium from the tissue strips was scrubbed off using a cell scrubber on both sides of the strip.
Stretch
Tissue sections with intact or removed endothelium were placed between two clamps of CellScale MCT6 uniaxial stretcher (CellScale, Ontario, Canada) ( Figure 1) . Tautness of the strips between the clamps was ensured. The gap between clamps was set at 10 mm. Mitral valve anterior leaflet has been shown to experience radial strain ranging from 0% to 16-22% under physiological conditions. 11 In this experiment, we provided a radial strain of 10% to tissue strips at a frequency of 1 Hz for 48 h. During one cycle, tissue strips were elongated to 10% strain in 0.3 s and remained under 10% strain for 0.2 s. After that they were returned back to 0% strain in 0.3 s and remained under 0% strain for 0.2 s (Figure 1 ). This stretch regime was selected to mimic a cardiac cycle lasting 1 s at 1 Hz frequency with systolic and diastolic phases each lasting 0.5 s. The nonstretched tissue sections both with intact or removed endothelium were cultured in 6-well plate culture plates for 48 h. Both stretched and non-stretched cultures were cultured with enough culture medium to submerge tissue samples and maintain overall conditions similar to the ones in the CellScale device. Samples were classified into four treatments: NS (non-stretched with intact endothelium), ST (stretched with intact endothelium), NSER (non-stretched with endothelium removed) and STER (stretched with endothelium removed).
Protein extraction
Treated tissues were minced and incubated with 0.5 mL extraction buffer per 0.1 g of tissue at 4
C for 1 h with rocking. Extraction buffer contained 150 mM sodium chloride, 50 mM HEPES salt, 2 mM dithiothreitol, 25 mg/mL digitonin (all Fisher Scientific) and 1% IGEPAL CA630 (SigmaAldrich). Samples were centrifuged and pellets were removed; 1% protease inhibitor cocktail (Active Motif, Carlsbad, CA) was added to extracted soluble protein samples prior to storage at À20 C. Bicinchoninic acid assay (Fisher Scientific) was used to determine protein concentration and manufacturer protocol was followed.
LC-MS/MS sample preparation
For each treatment, 50 lg of protein was fractionated by polyacrylamide gel electrophoresis. Three replicate wells were used for each treatment. Coomassie blue stain was performed using 1 g/L of Coomassie R250 dye in 45% ethanol and 10% glacial acetic acid (all Fisher Scientific) for 1 h. The stain was washed in excess 10% ethanol and 10% glacial acetic acid. Coomassie-stained gel bands were cut in 4 sections according to molecular weight. Bands were washed with water for 5 min and with acetonitrile (Fisher Scientific) for 5 min. Then, bands were treated with 10 mM dithiothreitol and 40 mM ammonium bicarbonate (Fisher Scientific) at 56 C 1 h. Samples were further alkylated using 55 mM iodoacetamide (Sigma-Aldrich) and 4 mM ammonium bicarbonate for 1 h in the dark. A final wash with acetonitrile for 1 min was performed. Bands were digested using sequencing grade modified trypsin (33 mg/mL) (Promega Corporation, Madison, WI) at 37 C overnight to fragment proteins into peptides. Peptides were extracted from gel bands twice using 50% acetonitrile and 0.1% formic acid (Fisher Scientific) for 15 min and 100% acetonitrile for 1 min.
LC-MS/MS
Methods in this section were adapted from Kottapalli et al. 33 Nano flow LC-MS/MS was performed at the Center for Biotechnology and Genomics, Texas Tech University. Dionex nano high-performance liquid chromatography was used for chromatographic separation with a trapping column (C18, 3 lm, 100 Å , 75 lm Â 2 cm), equilibrated with solvent A (2% acetonitrile and 0.1% formic acid) and a reverse phase column (C18, 2 lm, 100 Å , 75 lm Â 15 cm). Equal sample sizes of all treatment groups were individually injected first into the trapping column and washed for 10 min with solvent A at a flow rate of 300 nL/min. Reverse phase chromatography was used to elute peptides using a linear gradient with decreasing solvent A (2% acetonitrile and 0.1% formic acid) and increasing solvent B (98% acetonitrile and 0.1% formic acid). The gradient was 120 min, kept constant for the first 10 min at 5% solvent B, followed by a linear increase to 20% solvent B in 55 min. Solvent B was further increased to 30% in 25 min, followed by another increase to 50% over 20 min. Solvent B was then immediately increased to 80% in 1 min and kept at 80% for another 4 min. Peptides were fed to linear ion trap mass spectrometer (Fisher Scientific) at 2 kV capillary voltage. Scanning of resulting spectra was performed over mass range of 400-2000 atomic mass units. Scan settings included choosing six most intense ions with dynamic exclusion list size of 200, exclusion duration of 90 s, mass width of AE1.5 m/z, repeat count of 2, and repeat duration of 30 s. Collision-induced dissociation at a normalized collision energy of 35% was used while generating mass spectra.
Bioinformatic analyses of mass spectrometry data
'.raw' files from LCÀMS/MS were uploaded to MaxQuant software (Max Planck Institute of Biochemistry, Germany) and searched against a protein database of Sus scrofa obtained from UniProt. Default search parameters in MaxQuant for label-free quantification were used except minimum ratio count was set to 1 and in advanced identification setting, match between runs was turned on. Setting minimum ratio count to 1 means only one peptide ratio between samples is necessary for intensities of a protein to be compared across samples. 34 Matching between runs allowed peptides not identified in all samples to be used for protein quantification by matching their mass and aligned retention times. 34 The search result detected total 3782 proteins. This protein list was then uploaded to Perseus (Max Planck Institute of Biochemistry) for subsequent analyses. MaxQuant identified proteins that are potential contaminants, identified by modified and reverse sequences (false positives). After filtering out these three types, 3437 proteins remained. Only the proteins which had at least two replicates of intensity values across all treatment groups were selected. This resulted in a list of 1333 proteins. The missing intensity values of the third replicate were replaced with random numbers drawn from a normal distribution. The default parameters for this operation from Perseus were used.
The list of 1333 proteins was uploaded to MultiExperiment Viewer 35 (MeV) (TM4 Microarray Software Suite) to perform statistical analysis. Assuming normal distribution of data, two-factor analysis of variance was performed with stretch and ER being the two factors. A cutoff P-value of 0.01 and a minimum fold change in expression level of 1.5 was chosen. This analysis resulted in three groups of significantly differentially expressed proteins. We identify them throughout this study as stretch effect, ER effect, and interaction effect groups. From a list of 1333 proteins, numbers of significantly differentially expressed proteins were 202 due to stretch, 155 due to ER, and 111 due to interaction between stretch and ER. Among these proteins, there are 21, 25, and 12 uncharacterized proteins in stretch, ER, and interaction effect groups, respectively. Differentially expressed proteins from each group were visualized by generating heat maps (Supplementary Figure 1, Supplementary Figure 2 , and Supplementary Figure 3) . Proteins from each group (except uncharacterized ones) were uploaded onto STRING v10 36 (Search Tool for the Retrieval of Interacting Genes/Proteins, STRING Consortium 2017) for the generation of protein interaction maps. STRING identifies and predicts functional interactions between proteins based on previous database knowledge as well as genomic context predictions, high-throughput lab experiments, coexpression, automated textmining, etc. 37 STRING provides a confidence score between 0 and 1 for each interaction that estimates the validity of the interaction. 37 In this experiment, a minimum confidence score of 0.9 was set. Markov Cluster Algorithm using proximity of predicted functional partners was also performed to produce clusters of proteins in the interaction maps. PANTHER (Protein ANalysis THrough Evolutionary Relationships, http://www.pan therdb.org/) classification system was used with Gene Ontology (GO, http://www.geneontology.org) to identify the molecular functions of proteins 38, 39 ( Figure 2 , Supplementary Table 1 ). For proteins with multiple functions, a function resulting in lowest P-value in PANTHER classification system was selected.
Results
Proteins identified
After selecting proteins with at least two replicates of intensity values for each treatment, 1333 proteins were identified and quantified in this study. After two factor analysis of variance, three groups of proteins were generated according to the effects of stretch, ER, and their interaction. Heat maps show intensities of proteins differentially expressed (P < 0.01) in these groups. The number of significantly differentially expressed proteins with a minimum 1.5-fold intensity change is 202 for stretch effect ( Supplementary  Figure 1) , 155 for ER effect (Supplementary Figure 2) and 111 for interaction effect (Supplementary Figure 3) . Among these proteins, there are 21, 25, and 12 uncharacterized proteins in stretch, ER, and interaction effect groups, respectively.
Protein functions
Proteins were further classified according to their primary functions in Figure 2 and Supplementary Table 1. Stretched tissue had lower expression of cytoskeletal, translational, metabolic, and chaperone proteins than static tissue, perhaps suggesting a switch to a more physiological condition. Stretched tissue had higher expression of ECM, calcium binding, and signal transduction proteins than static tissue. Removal of endothelium downregulated adhesion and oxidative phosphorylation proteins, while upregulating translation and chaperone proteins, indicating a need for repair. Except collagen VI and fibrillin 1, ECM proteins were downregulated due to endothelium removal. Interaction effect between stretch and ER groups upregulated ECM, calcium binding, signal transduction, and translation proteins. Interaction effect generally downregulated glycolysis and oxidative phosphorylation proteins. Pie charts reporting relative distribution of proteins of these functional groups are shown in Figure 3 . In terms of number of proteins differentially expressed, stretch affected cytoskeletal, calcification, glycolysis, and redox proteins to a greater extent. Endothelium removal affected ECM, adhesion, translation, redox, and chaperone proteins. The 
Protein interaction maps
Pie charts in Figure 3 provide functional information about proteins affected by stretch, ER, and stretch-ER interaction. However, they do not provide any insight into how proteins with similar function interact with each other. Protein interaction maps (Figures 4 to 6 ) produced using STRING show how differentially expressed proteins in this study interact in the same and across functional groups. Although all significantly differentially expressed proteins (except uncharacterized proteins) from each group were used for analysis in STRING, not all of them appear in the interaction maps. This is due to lack of evidence in literature for their confident functional association with other proteins in the group.
The protein interaction map for stretch effect (Figure 4 ) contains eight clusters. There is a mixed function cluster where cytoskeletal proteins microtubule-associated protein (MAPRE1) and vinculin (VCL) are connected to nuclear transport protein Exportin-1 (XPO1) via signal transduction protein b-catenin (CTNNB1). Another mixed function cluster connects ECM protein collagen (COL6A1) to neural cell adhesion molecule 1 (NCAM1) to cytoskeletal protein spectrin (SPTB and SPTAN1) to vesicular transport proteins (TMED10 and USO1). An oxireductase cluster shows interaction between hydroxyacyl and hydroxysteroid dehydrogenases (HADHA and HAD17B10) with electron transfer flavoproteins (ETF-A, B). Another oxireductase cluster connects alcohol and aldehyde dehydrogenases (AKR1A1 and ALDH-7A1, 9A1) to cytosolic dipeptidase (CNDP2) and metabolic enzymes (amine oxidase (AOC3) and catechol O-methyltransferase (COMT)). There is an energy metabolism cluster in the form of downregulated glycolysis proteins. A protein folding related cluster contains molecular chaperone heat shock proteins (HSP-A2, CA) and chaperone prostaglandin E synthase (PTGES3) connected to oxireductase protein carbonyl reductase 3 (CBR3). A cluster with upregulated proteins contains dehydrogenases.
The protein interaction map for ER effect ( Figure 5 ) contains nine clusters. The two big clusters contain upregulated molecular chaperones and upregulated translationrelated ribosomal proteins. The chaperone cluster connects molecular chaperone T-complex proteins (CCT-3, 4, 5, 7, 8 and TCP1) to molecular chaperone heat shock proteins (HSP-E1, CB). The translation-related cluster shows interaction between ribosomal proteins (RPL-5, 7A, 11 and RPS-3, 9, 13) and eukaryotic translation initiation factor (EIF2S3). There are four ECM and adhesion protein clusters. The ECM-adhesion cluster shows interaction between ....................................................................................................................................................... The protein interaction map for interaction effect ( Figure 6 ) contains six clusters largely disconnected from one another. The largest cluster contains upregulated translation-related proteins connecting ribosomal proteins (RPL-5,8,9,11,12, RPS-A, 4, 16, 19, 20) to eukaryotic translation initiation factor 6 (EIF6).
Discussion Stretch effect
Myxomatous degeneration is a form of mitral valve disease, associated with aging, which results in thickened leaflets and consequent valve failure. The mechanical environment plays a crucial role in mediating mitral valve degeneration. 7, 40 Pathological cyclic tensile strain induces myxomatous effector proteins and degenerative pathogenesis in mitral valves. 7, 8 However, the molecular mechanisms and signaling pathways involved in mitral valve mechanobiology and mechanotransduction are not well understood. Here, we compared proteomes of physiologically stretched mitral valves with those in pathological static environments to provide insights into novel molecular mechanisms involved in mitral valve mechanotransduction. Physiological radial strain applied to mitral valve anterior leaflets downregulated the expression of cytoskeletal proteins in this study (Figure 2 ). Cytoskeletal protein expression suggests VIC quiescence under stretch and VIC activation under static conditions. 5 Previous studies of valve leaflets and VICs under physiological stretch also report VIC quiescence in vitro, 14, 20, 22 whereas proteomic studies of myxomatous mitral valves reveal abnormal upregulation of cytoskeletal proteins. 41 One cytoskeletal protein with higher static expression compared to stretch is filamin C. Mutations in filamin genes promote the development of myxomatous valves in human and mice. [42] [43] [44] Mutations in filamin A leads to VIC's inability to efficiently organize ECM in fetal stages resulting in adult myxomatous valves. 44 Filamin C is part of a filamin family of proteins, which crosslink actin filaments into a dynamic 3D structure. 42, 45 Filamins also facilitate transmembrane and cytoplasmic signaling molecule adhesion to cytoskeleton in mechanical stress-related cytoskeletal remodeling. 44 ,46 ............................................................................................................................................................ Here, upregulation of filamin C in static conditions suggests filamin induces cytoskeletal reorganization in a mechanical stress environment. Compared to static controls, physiological stretch also reduced the expression of ribosomal proteins and stress related heat shock proteins (Figures 2 and 4) . Ribosomal proteins are involved in protein translation. Heat shock proteins, involved in protein folding after translation, are upregulated when cells are under stressful conditions. 47 Together, their downregulation suggests a quiescent state of VICs represented by reduced protein synthesis rates.
We further observed that energy metabolism proteins have lower expression under physiological stretch and higher expression under static conditions (Figures 2 and  4) . Among those are glycolytic proteins. Much is lacking in the knowledge connecting valvular pathophysiology to energy metabolism. However, a previous proteomic study has identified metabolic proteins to be upregulated in myxomatous mitral valve from dogs. 41 A glycolysis protein, L-lactate dehydrogenase A, downregulated by stretch in this experiment was found to be upregulated in myxomatous mitral valves. 41 Proteomic analysis of atrial tissue of patients suffering from combined atrial fibrillation and valvular disease have shown downregulation in metabolic proteins compared to healthy tissue. 48, 49 Dysregulated metabolic activity in metabolic syndrome has also been implicated in progression of aortic valve calcification 50, 51 and degeneration of bioprosthetic valve. 52 This suggests that metabolic proteins may be key regulators of valvular pathophysiology. This may also suggest that the tissue under physiological stretch is in a quiescent state and there is less energy demand. A differentially expressed protein in the glycolysis cluster (Figure 4 ) is glyceraldehyde-3-phosphate dehydrogenase (GAPDH). GAPDH has been widely used as loading control in immunoblot experiments. However, a transcriptomics analysis of valvular cells 53 and a gene array study 54 have also found GAPDH to be differentially expressed across treatments. Cytoskeletal protein tubulin is also often used as loading control. However, tubulin was downregulated by stretch in this experiment, despite our overall protein load controls. Tubulin, a cytoskeletal protein, has been shown to be affected by mechanical stretch previously. 55 Lung adenocarcinoma cells show a 50% reduction in polymerized tubulin when 10% strain is applied. 55 Tubulin has been shown to be a key member in cellular realignment process due to cyclic strain. 56, 57 These results suggest that cytoskeletal and metabolic proteins should be reconsidered as loading controls in experiments involving valvular mechanobiology.
Upregulation of collagen (COL6A1), hyaluronan and proteoglycan link proteins, decorin and collagen fibrillogenesis protein, fibromodulin 58, 59 ( Figure 2 ) upon stretch suggests that there is active ECM synthesis. Previous experiments of cyclic stretch on mitral VICs also show upregulated ECM synthesis. 17, 60 In addition to upregulating ECM proteins, downregulation of catabolic enzyme cathepsin B (Figure 2) , which degrade and remodel ECM, 61 was also observed. Downregulation of a catabolic enzyme also suggests greater ECM reorganization. Upregulation of adhesion proteins neural cell adhesion molecule 1 and nidogen 2 ( Figure 2) suggests elevated cellular interactions with surrounding ECM due to mechanical stretch.
Calcium binding proteins or calcium-mediated phospholipid and membrane binding proteins were upregulated under stretch compared to static conditions ( Figure 2 ). They are annexin 1, 2, 4, 6, 7, and S100A10. 62, 63 Annexin activity is regulated by calcium ion (Ca 2þ ) concentration. [64] [65] [66] Annexins themselves also function as ion channel regulators, regulating intracellular Ca 2þ concentration. 66, 67 Transformation of aortic qVIC to obVIC, in vitro, is known to be mediated by mechanical stretch 18, 19, 23 and by stretch-mediated intracellular calcium ion concentration. 19 Recently, studies have identified the role of VIC-derived matrix vesicles in aortic valve calcification.
68-70 Annexin 1, 2, 3, 4, 5, 6, 7, and 11 overexpression was identified in matrix vesicles from calcifying VICs in high Ca 2þ medium. 68 Annexin 6 was also found to be colocalized with matrix vesicles in human calcific aortic valves. 68 Annexin and matrix vesicle-mediated calcification follows an osteogenic rather than dystrophic mechanism as suggested by high expression of osteogenic markers in these studies 68 and abundant annexin expression in osteogenic cell types. 69 However, these studies are of aortic valve biology. Here, we propose that physiological stretch-mediated upregulation of annexins is explained by mitral VICs having an annexin-mediated pro-calcific mechanism similar to their aortic VIC counterparts. A previous proteomic study on mitral valves identified annexin A-1, 5, 6 to be downregulated in myxomatous valves. 41 This matches our results as annexins were upregulated only in physiologically stretched mitral valve suggesting an important role for annexin in physiology. However, it is important to note that these conclusions need further investigation.
We also observed higher expression of signal transduction protein, transforming growth factor b (TGFb), after stretch compared to static conditions ( Figure 2 ). TGFb is a wellknown inducer and marker of VIC myofibroblastic activation. 71, 72 Its upregulation with stretch suggests a basal level of expression required even in valvular physiology. To support this argument, there are many published works, which question TGFb as marker of myofibroblastic activation. [73] [74] [75] Upregulation of TGFb and other cell-ECM adhesion proteins together due to stretch suggest a secondary role of TGFb in stretched mitral valve leaflets, perhaps due to differences in the surrounding valvular environment.
Figures 2 and 4 also show a downregulation in oxireductase activity under stretch compared to static conditions. Previous studies have shown that oxidative stress potentiates calcification in aortic valves. 29, 76, 77 Oxidative stress in aortic valves has been shown to increase due to downregulation of antioxidant enzymes. 76 Oxireductase enzymes being downregulated by stretch, specially two antioxidants peroxiredoxins (PRDX-2, 6) (Figure 2 ), suggest that physiological stretch reduces the need for antioxidant pathways.
Endothelium removal effect
Among differentially expressed proteins due to endothelium removal, the major impact is seen in ECM proteins and cell-ECM adhesion proteins (Figure 2) . Downregulation of ECM proteins with loss of endothelium suggests an endothelial role in maintaining an intact basal layer and ECM. 78, 79 Downregulation of cell-ECM interaction proteins seen with endothelium removal further supports an endothelial role in maintaining ECM homeostasis. However, ECM proteins collagen VI and fibrillin 1 were upregulated with endothelium removal. The synthesis of these proteins could be the first response to loss of basement membrane by VICs. A transcriptomics study of valvular cells experiencing variable stiffness also identified similar results where some ECM proteins, including fibrillin 1, are upregulated and some are downregulated with VIC activation. 53 Fibrillin 1 assembles into microfibrils that play important role in elastic fiber formation and maintenance. 80, 81 Fibrillin 1 also plays crucial role in regulating cytokine signaling. 82 Fibrillin 1 mutations leading to disruption in its structural and cytokine signal-regulating functions result in valvular diseases such as Marfan syndrome. 83, 84 Endothelium removal related fibrillin 1 upregulation in this study points to VIC's response to upregulate ECM elastic structure reorganization and cytokine signaling. Similar to static conditions, endothelium removal upregulated translation via ribosomal proteins and protein folding activity via chaperone proteins compared to physiologically stretched intact leaflets (Figure 2) . Together, these suggest upregulated protein synthesis, and hence an activated state in VICs due to the removal of endothelium.
Effect of interaction between stretch and endothelium removal
Proteins in this group are differentially expressed due to the combined action of stretch and endothelium removal. Similarly to stretch effect, the interaction effect downregulated glycolysis proteins and upregulated calcium binding and signal transduction proteins. And similarly to ER effect, the interaction effect downregulated adhesion and oxidative phosphorylation proteins and upregulated translation related ribosomal and collagen VI proteins (Figure 2 ). These suggest that interaction between stretch and ER augments the effect that stretch or endothelium removal alone have on proteins of these particular functions. We also observed that if an interaction effect protein is also in stretch effect or ER effect group, the fold change in interaction effect is greater (Figure 2 and Supplementary Table 1 ). For example, interaction effect has a greater fold change in glycolysis proteins L-lactate dehydrogenase A, phosphoglycerate kinase 1, and triosephosphate isomerase compared to stretch effect. And interaction effect has a greater fold change in translation related ribosomal proteins RPL5, RPL11 and RPS4 compared to ER effect. An exception to this observation is signal transduction protein TGFb. This suggests that valvular endothelium may play an important role in signal transduction via this protein.
The downregulation of cytoskeletal proteins suggests a quiescent VIC phenotype due to interaction effect ( Figure 2 ). We saw that calcium binding proteins are upregulated by both stretch and ER effect (Figure 2 ). This means that proteins with this function are upregulated by stretch with or without the presence of endothelium. This suggests endothelium has minimal effect on the pro-calcific state observed due to stretch in this experiment. Translationrelated ribosomal proteins were upregulated in both ER and interaction group. A few of these ribosomal proteins (RPL-5,11, RPS4) show greater fold change in interaction effect than ER effect. We conclude that stretch and ER combined augment the upregulation in protein synthesis activity seen due to ER alone.
Trends in expression changes of several protein functions in this study suggest particular VIC phenotypes. However, widely used marker proteins for VIC phenotypes such as a-smooth muscle actin and several matrix metalloproteinases were not identified in this study. Excised mitral valve leaflet strips under static culture for two days were used as controls for this study. But this duration away from the in vivo native valvular environment may have significantly impacted their physiology. Despite these limitations, results from this study provide insights into new protein groups that may be involved in valvular mechanotransduction and endothelial regulation of mechanotransduction.
Conclusions
Thorough studies of mitral valve response to dynamic mechanical stimuli are lacking. Knowledge of how the endothelium affects mitral valve responses to mechanical stimuli is also missing. In this study, proteomic analysis of mitral valve anterior leaflets under 10% physiological radial cyclic strain was performed. The endothelium from these samples was removed to test how endothelium mediates mitral valve mechanoresponse. Differentially expressed proteins due to these treatments were classified into three groups: stretch effect, endothelium removal effect, and effect of interaction between stretch and endothelium removal. Results showed downregulation in cytoskeletal and energy metabolism proteins due to stretch suggesting quiescent state. There is upregulation in calcium binding proteins due to stretch suggesting pro-calcific state. Endothelium removal downregulated ECM and cell-ECM adhesion proteins suggesting protective role of endothelium in ECM homeostasis. Endothelium removal also upregulated protein synthesis activities. Interaction between stretch and endothelium resulted in quiescent and procalcific state as well as upregulated protein synthesis activity. Overall, high throughput omics studies can provide insights into molecular mechanisms regulating mechanotransduction. ............................................................................................................................................................ 
